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Introduction
The magnitude of selection constraint on proteins is quantified by the ratio of divergences at nonsynonymous (dN) and synonymous (dS) positions (=dN/dS) (LI 1997) . Assuming neutral evolution at synonymous sites, theoretically the ratio  denotes the fraction of nonsynonymous mutations fixed in the species compared (KRYAZHIMSKIY and PLOTKIN 2008; NIELSEN and YANG 2003) . However  estimated for species with small population sizes include a fraction of deleterious amino acid substitutions. This is because theories suggest that the rate of fixation of slightly deleterious mutations is determined by the product of the effective population size (N e ) and the selection coefficient (s) (OHTA 1992; OHTA and KIMURA 1971) . Therefore a much higher fraction of deleterious mutations is expected to be fixed in species with small population size compared those with large population sizes. Evidence for this prediction was first shown by Ohta (1972) , using generation time as a proxy for population size. Ohta used the ratio of divergences at amino acid and nucleotide positions as a measure of selection pressure (assuming constrained and neutral evolution at these sites respectively) and showed a negative relationship between this ratio and the generation times of species. This suggests a much higher amino acid substitutions in species with long generation times or small population sizes, which indicates fixation of a higher fraction of deleterious mutations in these species compared to those with short generation times or large population sizes. Later studies compared the ratio of nonsynonymous to synonymous substitutions () estimated from species with different generation times and observed similar relationships, which confirmed the results of the previous study (KEIGHTLEY and EYRE-WALKER 2000; OHTA 1993; PIGANEAU and EYRE-WALKER 2009) .
Similarly a higher  was also observed for endosymbiotic bacteria compared to their free-living counterparts owing to a small population size of the former (MORAN 1996; WOOLFIT and BROMHAM 2003) . Furthermore s estimated for island birds were found to be much higher than those estimated for their mainland sister taxa, which again is due to the small population sizes imposed by the confined habitat of the former (JOHNSON and SEGER 2001; WOOLFIT and BROMHAM 2005) .
Using over 7,000 genes, a previous genome-wide study estimated  for primates (humanchimpanzee) and rodents (mouse-rat), which were 0.20 and 0.13 respectively (MIKKELSEN et al. 2005) . These estimates suggest a 35% higher amino acid substitution in primates compared to rodents and this excess is most likely due to the fixation of deleterious mutations in primates.
Further detailed studies on the nuclear genes of mammals and fruit fly (EYRE-WALKER et al. 2002) and on the mitochondrial genes of mammals (EYRE-WALKER et al. 2002; PIGANEAU and EYRE-WALKER 2009; POPADIN et al. 2007 ) also observed a higher  in species with small N e .
Furthermore these studies showed that the fraction of radical amino acid substitutions (those involving changes between amino acids with dissimilar biochemical properties) was higher in species with small population sizes compared to those with large population sizes. This also points to the fixation of more deleterious mutations in species with small populations as radical changes are more deleterious than conservative (similar) amino acid changes.
A previous study showed a large difference between s estimated for primates and rodents using the amino acid sites that are conserved or necessary for the structure and/or function of protein (SUBRAMANIAN 2011) . In contrast, this difference was small using less-conserved or non-critical amino acid positions. This study also revealed a significant difference in the fraction of radical amino acid substitutions between primates and rodents using the amino acids that are conserved across vertebrates and this difference was not significant when less-conserved amino acid sites were examined. These discrepancies were attributed to the difference in the selection constraints on amino acid positions. However the actual theoretical basis for these observations is not clear.
Importantly we do not know how and to what extent the difference in population sizes influences the of various mammalian genes that are under different levels of selection constraints.
Furthermore, apart from the structural and functional constraints, breadth of gene expression is also known to be an important determinant of protein evolution (DURET and MOUCHIROUD 2000; LIAO et al. 2006) . Therefore it is essential to examine how population size affects the estimation of for genes with different breadths of expression.
In population genetics and evolutionary studies, gene based estimates are routinely used to infer the magnitude of selection pressure on species with different population sizes. Therefore it is important to understand the factors that influence the estimation of . Hence we conducted a detailed study by first examining the theoretical relationship between , N e and s and showed how N e modulates  when s is large and small. We then examined this pattern using the real data and for this purpose we grouped genes from primates and rodents into different categories based on their level of selective constraints. We used two different ways to quantify the negative selection pressure on genes. First,  of artiodactyls (cow-pig) was assumed as a proxy for selection pressure and used to group the corresponding orthologous genes of primates and rodents. Previous studies have shown that the breadth of gene expression negatively correlates with the rate of protein evolution (DURET and MOUCHIROUD 2000; LIAO et al. 2006) . While ubiquitously expressed genes were found to be under high selective constraints those expressed in only one or a few tissues were under relaxed selective constraints. Therefore we used breath of expression as a proxy for the magnitude of selection and genes were grouped based on their 6 level of tissue specificity. The  estimates from each group of orthologous genes for primates and rodents were then compared.
Materials and Methods

Genomic sequence data
Protein and cDNA sequence data of human (Homo sapiens), macaque (Macaca mulatta), cow (Bos taurus), pig (Sus scrofa), mouse (Mus musculus) and rat (Rattus norwegicus) were obtained from GenBank (http://www.ncbi.nlm.nih.gov/genbank/). A reciprocal BLAST (ALTSCHUL et al. 1997 ) hit approach was employed to obtain the genes from each species that are orthologous to human using the significance threshold described by Duret et.al.(1994) . This resulted in 6,633 genes that were orthologous to all the six mammalian species. The orthologous protein sequences of each gene were aligned using CLUSTALW (LARKIN et al. 2007 ) and the cDNA alignment for each gene was created using the protein sequence alignment as the guide. Alignment gap(s) were excluded.
Estimation of evolutionary divergence
Evolutionary divergences at synonymous (dS) and nonsynonymous positions (dN) were estimated by the codeml package of PAML using the pair-wise option (YANG 2007) . For each gene, dN and dS were estimated for the orthologous sequences belonging to human-macaq, mouse-rat and cow-pig pairs. To reduce estimation errors, genes with dN or dS > 0.8 were excluded. Furthermore genes under positive selection (dN/dS > 1.0) were also excluded as this study is focused only on the effect of purifying selection. This resulted in a final dataset of 6,209
genes. The orthologous genes of human, macaque, mouse and rat were grouped into 12 categories based on the mean dN/dS estimates of their corresponding orthologous artiodactyls (64) and >0.55 (108). To reduce the variance all genes belonging to each group were concatenated and a combined dN and dS were estimated using PAML. However in this method the estimates might be influenced by a small number of highly conserved or highly variable genes in a category. Therefore we also estimated the variance using a bootstrap method (1000 replicates) in which we resampled (with replacement) the genes belonging to each category. To avoid any methodological bias we also estimated divergence at fourfold and zerofold sites (instead of dN and dS) using the Tamura-Nei method.
Tissue specificity of gene expression
Gene expression data was obtained from a previous large scale study on 79 human and 61 mouse tissues (SU et al. 2004 ) and both these estimates were available for 4,768 genes. To estimate the breadth of expression, we used the tissue specificity index () described previously (LIAO et al. 2006; YANAI et al. 2005) . This index is defined as 
, where n is the number of tissues examined, S is the signal intensity obtained from the data, Smax is the maximum signal intensity of the expression of a gene across all tissues. When signal intensities were obtained for a single gene from more than one probe, average estimates were used. The value ranges from 0-1 with higher value indicating higher tissue specificity. If a gene is equally expressed in all tissues then  and in contrast it will approach 1 when a gene is expressed in only one tissue.
This method accounts for the relative intensities of expression in each tissue while estimating the tissue specificity (or breadth of expression). The average of for human and mouse was used as a proxy of selection magnitude. All genes were grouped into 10 categories based on their mean 
Proportion of radical amino acid substitutions
Radical and conservative amino acid substitutions are those that occur between amino acids of dissimilar and similar biochemical properties respectively. Although there are several ways the 20 amino acids could be grouped (ZHANG 2000) , a previous study showed that one particular grouping (classification A) performed better than others in capturing the magnitude of selection constraints on mammalian protein coding genes (HANADA et al. 2007 ). Therefore the current study used this classification, in which amino acids were grouped into four categories namely,
S, T) and neutral large (I, L, M, V). All substitutions involving amino acids belonging to different groups were
considered as radical and those from within groups were assumed to be conservative in nature.
The fraction of radical amino acid substitution () was computed as the number of radical changes divided by the number of all amino acid differences between two genomes. A binomial variance was used to compute the standard error.
Results
Theoretical relationship between , population size (N e ) and selection intensity (s)
Using Kimura's formula on the probability of fixation (KIMURA 1983), Nielsen and Yang (2003) showed the relationship between dN/dS ratio (and selection coefficient (s) as:
( 1) where S=4N e s. Now let us assume that N e of species A and B are two times higher than that of species C and D and s is the mean selection coefficient on the nonsynonymous sites of a gene or a collection of genes. Assuming neutral evolution in synonymous sites we plotted  as a function of 4N e s ( Figure 1A ). For simplicity we used the values of 0-0.001 for selection coefficient (s) and 1000 and 500 as effective population sizes (N e ) of the species pairs AB and CD respectively. The theoretical relationship clearly shows that when s or the magnitude of negative selection is high, the difference between the s of the species pairs AB and CD is large.
Whereas this difference reduces exponentially when s approaches zero (s0) and both s attain a value of 1 at s=0. Figure 1B shows that the proportion of  estimated for the species pair AB is very small when s is -0.001. This fraction increases and s obtained for the two species pairs become equal when s=0. The magnitude of difference between the s of the species pairs AB and CD is revealed by figure 1C . The ratio of  AB / CD shows a negative relationship with selection coefficient. Importantly this ratio is only 0.24 when s is -0.001, which is more than four times smaller than the ratio (1.0) at s=0. These results highlight the importance of N e on the fixation of deleterious mutations. When selection constraint is high on a gene, a higher fraction of nonsynonymous mutations are eliminated in species with large population sizes than those with small N e . On the contrary, for the genes under neutral evolution, the fractions of nonsynonymous mutations fixed are similar between the species with small and large N e .
Comparison of observed  for orthologous genes from primates and rodents
To examine the effect of population size on the fixation of deleterious mutations in genes under different levels of selection pressure, we examined the  for genes from primates and rodents.
For this purpose the orthologous genes of human and mouse need to be grouped based on the level of selective constraints on them. To group these genes in an unbiased way we used the  of the orthologous genes of artiodactyls (see methods) and clustered them into 12 different categories (Table 1) . Here the  of artiodactyls ( Art ) is actually used as a proxy for the magnitude of selection pressure on orthologous genes from primates and rodents. The stacked columns in figure 2A show the mean  estimates for rodents ( Rod ) and primates ( Pri ). In general  Pri estimates were much higher than  Rod for highly constrained genes whereas these estimates were more similar for genes under relaxed constraint. This is clear from the strong positive relationship (Spearman's rho=0.99, P = 0.001) between selection pressure ( Art ) and the ratio  Rod / Pri ( figure 2B ). The estimates for the genes under strong selective constraint ( Art = 0.025) showed that of primate is 2.9 times higher than that of rodents (Table 1 ). In contrast,  Pri was only 17% higher than  Rod for the genes under relaxed selective constraint ( Art = 0.659) suggesting a much higher fraction of nonsynonymous substitutions in constrained primate genes than that in genes under weak purifying selection.
In the above analysis dN and dS were estimated using a likelihood method implemented in PAML. However similar results were obtained when we estimated divergences at fourfold and zerofold degenerate sites (as proxies for dN and dS respectively) using the Tamura-Nei method.
For instance this method also produced a highly significant positive relationship (Spearman's rho=0.96, P = 0.0014) between selection pressure ( Art ) and the ratio  Rod / Pri . Inclusion of duplicate genes in the analysis might have some influence on the overall results because occasionally paralogous genes might interfere in orthology determination. Therefore we excluded all genes belonging to multigene families and used only the singleton genes from primates and rodents. Although this removed 78% of the genes in our dataset we observed similar results. For example  Pri (0.151) of constrained singleton genes was 2.8 times higher than that of  Rod (0.054). Whereas, for weakly selected singleton genes  Pri (0.466) of was only 39% higher than that of  Rod (0.335).
Tissue specificity of gene expression as a proxy for selection pressure A previous study using expressed sequence tag data (EST) revealed a negative relationship between breadth of gene expression and  (DURET and MOUCHIROUD 2000; ZHANG and LI 2004) . This was further confirmed by a later study based on microarray data that showed a positive relationship between tissue specificity and  (LIAO et al. 2006) . For this reason we used tissue specificity as a proxy for selection intensity to group primate and rodent genes. Over 4,500 orthologous genes were grouped into 10 categories based on the mean tissue specificity measure () obtained for human and mouse (see methods). The mean  estimates for each group of genes showed results similar to our previous observations ( Figure 3A) . A strong positive relationship (Spearman's rho=0.99, P = 0.003) between tissue specificity () and  Rod / Pri ratio is shown in Figure 3B . The  Pri of broadly expressed primate genes () was 2.1 times higher than  Rod estimated for the corresponding orthologous genes from rodents (Table 2) . On the contrary,  Pri of tissue specific genes () was only 27% higher than their rodent counterparts ( Rod ). These results suggest that broadly expressed primate genes accumulate relatively more nonsynonymous substitutions than the genes expressed in one or a few tissues.
Severity of amino acid substitutions in constrained primate and rodent genes
Previous results suggested an increase in the amino acid substitutions in the constrained genes of primates compared to those from rodents. To examine whether these excess substitutions are due to the fixation of deleterious mutations in primates we examined the nature of the amino acid changes. It is well known that mutations involving amino acids with different biochemical properties (radical) are more deleterious than those involving amino acids with similar properties (conservative) (WILLIAMSON et al. 2005) . To determine the proportion of radical amino acid substitutions we used the matrix suggested by Hanada et.al (2007) (see methods). The proportion of radical amino acid substitutions () was estimated for primate ( Pri ) and rodent ( Rod ) genes belonging to the 12 categories based on selective constraints ( Art ). The fraction of radical substitutions in primates is ( Pri ) slightly higher for constrained genes than that for genes under weak selection ( Figure 4A ). However an increasing trend of  Rod was observed for the rodent genes. The ratio  Rod / Pri showed a strong positive relationship (Spearman's rho=0.97, P = 0.001) with selection intensity ( Art ) ( Figure 4B ). The  Pri (0.524) estimated for highly constrained genes was 54% higher than  Rod (0.341) and the difference is highly significant (P < 10 -6 ). Whereas  Pri (0.506) and  Rod (0.500) estimates are almost identical (P = 0.56) for the genes under weak purifying selection. These results reveal a much higher rate of fixation of radical mutations in the primate genes under strong selection than their orthologus counterparts in rodents. In contrast, this rate was similar for primate and rodent genes under weak selection pressure. Similar results were observed when tissue specificity (was used as a proxy for selection pressure ( Figure 4C ). The ratio  Rod / Pri positively correlated with  (Spearman's rho=0.98, P = 0.003) ( Figure 4D ).  Pri (0.510) estimated for broadly expressed primate genes was 42% higher than  Rod (0.359) estimated for broadly expressed rodent genes and this difference was statistically significant (P < 10 -6 ). On the contrary, the difference between  Pri (0.457) and  Rod (0.445) estimated for tissue specific genes of primates and rodents was not significant (P = 0.46). These results confirm that the excess amino acid substitutions in constrained or broadly-expressed primate genes are indeed deleterious in nature.
Discussion
In the present study we showed that how population size effect could influence the dN/dS ratios estimated from different species. We showed that the observed difference in these ratios between primates and rodents ( Figure 2) were strikingly similar to the patterns predicted by theoretical expectations (Figure 1 ). However the theoretical relationship shown in figure 1 is under a number of assumptions. For instance s was assumed to be the same for the orthologous genes from species with different N e , which may not be entirely true as s itself could vary to some extent between species. Furthermore N e is also known to vary within a genome and N e for a particular location in a genome is influenced by the effects of recombination, background selection and hitchhiking (Hill-Robertson effects) (CHARLESWORTH 2009). However the similarity of the expected and observed patterns observed in this study suggests that these effects are not large enough to affect the conclusions of this study. The slight difference in the pattern of non-linear curves fitted for the expected ( Figure 1C ) and observed ( Figure 2B and 3B) relationships could be due to the reasons mentioned above and possibly other variables that were not considered here.
The proportion of deleterious substitutions in primates can be quantified by estimating the normalized difference between  Pri and  Rod . The difference in the ω ratios between species with small and large population sizes reflects the excess fraction of nonsynonymous mutation fixed in species with small population sizes. Theories predict these excess substitutions to be 14 deleterious in nature. Based on this rationale the proportion of deleterious amino acid mutations fixed in primates (δ) can be estimated as (SUBRAMANIAN 2011) . The estimate δ is the proportion of deleterious nonsynonymous substitutions of all the amino acid replacement mutations fixed in humans. Table 1 shows that δ estimated for highly constrained genes is over 4 fold higher than that observed for the genes under relaxed constraint (65% Vs. 15%). Similarly table 2 shows that the observed δ of broadly expressed genes (53%) is 2.5 times higher than that estimated for tissue specific genes (21%). Furthermore the high rate of fixation of deleterious mutations in primates is also supported by the observed higher fraction of radical amino acid substitutions than conservative substitutions.
In this study we assumed similar levels of selection pressure on the orthologous genes of primates, rodents and artiodactyls. In fact all pair-wise comparison of  between the three species showed a very high positive correlation (r =0.57-0.67, P < 10 -7 ). The results of this study are under the assumption that the fraction of adaptive nonsynonymous substitutions in mammals is negligible. Since fixation of slightly beneficial mutations is determined by N e s, a much higher proportion of adaptive mutations is expected to be fixed in rodents than primates due to the large N e of the former. Hence, assuming a much higher fraction of adaptive substitutions in mammals will only increase the difference between  estimates of primates and rodents. Similarly, this study assumed that substitutions at synonymous sites are neutral. If selection is assumed at these sites (CHAMARY et al. 2006) , then the observed dS is less than that expected under neutrality and thus ω will be overestimated. However, the magnitude of selection at synonymous sites is expected to be higher for rodents than for primates due to the relatively high N e of the former.
Therefore, the magnitude of overestimation of ω will be much higher for rodents than primates, Population genetic theories suggest that purifying selection prevents deleterious mutations from becoming fixed. Therefore highly constrained genes are expected to be devoid of deleterious substitutions. Contrary to this belief this study suggests that a high fraction of deleterious mutations are in fact fixed in constrained primate genes. However the results of this study could be explained based on the frequency of occurrence of deleterious mutations. Since the vast majority of the nonsynonymous positions in constrained genes are under high purifying selection, most of the mutations occurring in these genes are detrimental to the structure and/or function of the protein. As shown in figure 1A , fixation of deleterious mutations is strongly influenced by N e and therefore  of species with small N e is much higher than that of species with large N e . Conversely, most of the amino acid changing mutations in genes under weak selection are neutral or nearly-neutral, fixation of these mutations is largely independent of N e .
Therefore s estimated for the weakly selected genes of species with large and small population sizes are largely similar.
The effect of small population size in the fixation of mutations has been well documented by studies in the past few decades (KEIGHTLEY and EYRE-WALKER 2000; OHTA 1993; PIGANEAU and EYRE-WALKER 2009; POPADIN et al. 2007) . However this study reveals that the population size effect on the fixation of deleterious mutations is typically more pronounced in genes under strong purifying selection and this effect is only marginal for the less-constrained genes. The findings of this study suggest that when comparing the  between species, the selection intensity of the genes should be considered. For example comparing s of weakly selected genes from two species will smother the actual difference between their population sizes. Although the result of this study is based on protein-coding genes, similar pattern is expected for constrained noncoding regions such as UTRs, promotors, enhancers and silencers. a -All orthologous genes were sorted based on the level of tissue specificity () and grouped into 10 categories. The average estimates are given above (see methods). 
